Optoelectronics techniques to induce protoporphyrin IX fluorescence with topically applied 5-aminolevulinic acid on the oral mucosa have been developed to noninvasively detect oral cancer. Fluorescence imaging enables wide-area screening for oral premalignancy, but the lack of an adequate fluorescence enhancement method restricts the clinical imaging application of these techniques. This study aimed to develop a reliable fluorescence enhancement method to improve PpIX fluorescence imaging systems for oral cancer detection. Three contrast features, red-green-blue reflectance difference, R/B ratio, and R/G ratio, were developed first based on the optical properties of the fluorescence images. A comparative study was then carried out with one negative control and four biopsy confirmed clinical cases to validate the optimal image processing method for the detection of the distribution of malignancy. The results showed the superiority of the R/G ratio in terms of yielding a better contrast between normal and neoplastic tissue, and this method was less prone to errors in detection. Quantitative comparison with the clinical diagnoses in the four neoplastic cases showed that the regions of premalignancy obtained using the proposed method accorded with the expert's determination, suggesting the potential clinical application of this method for the detection of oral cancer. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
Introduction
Over the past two decades, the incidence of oral cancer has dramatically increased in many countries, 1, 2 and the high prevalence has made it one of the most common malignancies in the world. 3 Oral cancer has one of the lowest five-year survival rates among the major cancers: the five-year survival rate at the fourth stage of oral cancer is less than 20%, compared with 80% for localized lesions. 4 This indicates that early detection followed by efficient treatment is one of the best ways to reduce mortality from this disease. However, accurate demarcation of early-stage neoplasia is difficult by visual inspection alone. [5] [6] [7] [8] [9] Clinicians can usually identify white oral leukoplakia, red oral erythroplakia, and erythroleukoplakia visually, but they cannot know which specific lesion site contains dysplastic or malignant cells. Thus, demarcation of the tumor borders via simple inspection or other common diagnostic procedures often remains unsatisfactory.
To date, biopsy remains the most reliable method for diagnosing oral cancer. However, it has limited application in detecting early-stage oral neoplastic tissue. Oral premalignant lesions such as leukoplakia, erythroplakia, and erythroleukoplakia are not homogeneous; that is, some parts of the lesion may show only hyperkeratosis and acanthosis, whereas other parts may show epithelial dysplasia, carcinoma in situ, or invasive carcinoma. Thus, one lesion may need multiple biopsies to avoid misdiagnosis of the most severe part of the lesion. However, biopsy is an invasive procedure and is not suitable for wide-area screening at the early stage of malignancy because the induced pain and inconvenience may seriously affect the patient's quality of life. Moreover, a plausible biopsy from an improper locus can lead to a false prognosis. Thus, determining the biopsy loci is always a dilemma and highly dependent on the clinician's experience.
In the search for a noninvasive alternative, researchers have employed modern optoelectronics techniques with lightinduced fluorescence for oral cancer detection. Two types of fluorescence indicators have been reported to be valuable: autofluorescence 5, [8] [9] [10] [11] [12] [13] and protoporphyrin IX (PpIX) fluorescence. 6, [14] [15] [16] [17] [18] Previous studies have shown autofluorescence to reduce with oral malignancy; 5, 9, 10, 19, 20 however, this change is not easy to discriminate by visual inspection. A study applied classification algorithms to compare various contrast features extracted from multispectral optical images and found that the ratio of red-to-green fluorescence intensity in a 405-nm excited autofluorescence image maximized the image contrast for the differentiation of neoplastic and non-neoplastic tissue. 8, 10 In another study by the same authors, a computer program was developed to delineate the dysplastic area on the autofluorescence image over the white light image to increase the ability to identify the region. 21 In contrast, although 5-aminolevulinic acid (ALA) induced PpIX fluorescence has been reported to be able to overcome the limitations of autofluorescence in the differentiation between dysplasia and cancer, 17, 22 the lack of comparison studies to evaluate the validity of the various image processing algorithms means that standard contrast enhancement methods are unavailable. We believe that efficient image processing methods independent of different filtering techniques can improve the insufficiencies accompanying image acquisition so that ALA-induced PpIX fluorescence imaging can be clinically applied to oral cancer detection.
Protoporphyrin IX fluorescence induced by the application of ALA is one of the most promising methods for identifying oral malignancies. However, in contrast to its high sensitivity (95 to 100%), the low specificity (50 to 60%) hinders its clinical application. 19, 23 To increase the specificity of this method, various researchers have proposed that the intensity ratio may be a better indicator of malignancy than PpIX intensity alone. Scott et al. 16 and Betz et al. 19 used the red-to-green fluorescence intensity ratio and employed a commercial software package, whereas Zheng et al. 23 used the red-to-blue intensity ratio with a self-developed program for contrast-enhanced fluorescence image processing. Although their results show increased specificity by this approach, there is no consensus on the intensity ratio to be used, and the foundation of these methods was not clearly explained, hence rendering their reproducibility limited. In addition, these current methods only increase the fluorescence contrast in situ by mapping the original pixel values into rescaled pseudo-colors; however, determination of the location of the detected abnormal margin should refer to the corresponding white light image. This is usually a difficult task for an observer, because the positions of these two images are not exactly the same if the camera and patient are not immobilized in their relative position.
This study had two goals: first, to identify the optimal PpIX fluorescence contrast features from those categorized in previous reports and second, to fuse the detected fluorescence region with the corresponding white light image using image processing techniques for ease of identification. Thus, this method could be integrated with previously developed-fluorescence spectroscopy methods 22 to improve its clinical feasibility for oral cancer detection via wide-area inspection.
Methods 2.1 Instrumentation and Image Acquisition
An optical endoscopic system was set up for fluorescence image acquisition. The configuration of the fluorescence imaging system is shown in Fig. 1 . A violet laser diode (NDHV310ACA, 30 mW, 410 nm; Nichia Co., Japan) was used as the light excitation source, which was guided into a quartz fiber bundle with a diffuse lens at the distal end. If the laser reflection is too strong, it will not only overwhelm the fluorescence but will also saturate the CCD camera, and so, a long pass filter (cutoff wavelength = 420 nm) was mounted on the camera to reduce laser reflection. The digital images, red-green-blue (RGB) bmp files with the resolution of 960 × 720 pixels, 8-bit per color channel, were captured using a color CCD camera (Sony DFW-SX900) and transferred to a notebook PC through the IEEE 1394 port for further analysis. The fundamentals of the design have been described in detail elsewhere. 11 ALA was prepared according to a previous study 22 and was topically applied at a dose of 0.05 mL/cm 2 to the oral mucosa of human subjects. A pair of images was captured every half an hour from the initiation of ALA application for two hours. For each measurement, a fluorescence image was first captured under diode laser illumination and then a white-light image was acquired using a normal white-light source; this order was followed to reduce the chance that the absolute fluorescence intensity began to decrease after reaching saturation when the duration of image acquisition was prolonged. The white light image was used as the background for demarcation of the detected fluorescence so that the position could be clearly revealed. Image acquisition was performed in a dark room to avoid any interference from other light sources.
Basis and Development of the Image Processing Method
The basis for using ALA-induced PpIX fluorescence strength as an indicator of malignancy is that PpIX conversion is decreased in malignant tissue due to reduced ferrochelatase activity; therefore, on applying ALA (an exogenous tumor-localized fluorescent agent) to the oral mucosa, cancer cells accumulate PpIX faster than normal tissue. 20 The PpIX absorption wavelength in the human mouth is between 325 and 650 nm, and the dominant peak is at around 410 nm. Thus, if PpIX is irradiated using a diode laser with a wavelength of 410 nm, red fluorescence occurs. The fluorescence intensity in the malignant tissue reaches a maximum between 1 and 2 h after ALA application. 6, 17, 22, 24 Numerous studies have shown that violet laser excitation induces both autofluorescence and ALA-induced fluorescence. 15, 16, [18] [19] [20] The wavelength of the former is in the green-to-red range, whereas that of the latter falls mainly in the red band. Although both types of fluorescence are seen in healthy and malignant tissue, autofluorescence tends to decrease and PpIX fluorescence tends to increase in malignant tissue. 19, 20 In comparison with other techniques, 16, 23 in which RGB mosaic filters have been used to separate the color bands of the fluorescence image, this approach directly uses the pixel values from each color channel of the RGB images to derive the contrast features. The inherent RGB color model of the Sony camera system is leveraged to directly decompose the fluorescence images along the wavelength bands indicated in Fig. 2 . The wavelength range of ALA-induced fluorescence after 410-nm illumination is 600 to 750 nm, and so, falls almost completely in the red band. The dominant peak of autofluorescence is at around 530 nm (480 to 550 nm) in the green band, while the specular and diffuse reflectance of the 410-nm violet laser falls in the blue band. This direct correspondence between the RGB wavelength sensitivity ranges and the three types of light emission (PpIX fluorescence, autofluorescence, and laser reflectance) provides a straightforward approach to measure the relative intensities.
Mathematical model of PpIX fluorescence images
To explore the contrast features, a mathematical model of the PpIX fluorescence images was built according to the corresponding optical physics of the RGB channels described above. Let R(x,y), G(x,y), and B(x,y) represent the three primary images as functions of a pixel location (x,y) in the RGB model. Using the illumination-reflectance model, an image can be expressed by Eqs. (1)-(3), where the functions of i(x, y, λ),r (x, y, λ), f (x, y, λ), and CC D(λ)denote the illumination, reflectance, fluorescence, and inherent RGB color transformation of the CCD camera, respectively.
As the violet laser was the only light source, the blue illumination should mainly contribute to the blue image, the PpIX fluorescence falls in the red band and the autofluorescence lies in the green band. Based on this argument, the three equations can be reduced to
Based on these analyses, the image processing algorithms to detect oral malignancy were developed.
Extraction of contrast features
Three contrast features commonly used to enhance the PpIX fluorescence were compared in order to find the optimum method. The theory and derivation of each of the methods are described below.
The first feature is the reflectance difference (S) between the red image (R) and the other images (G or B). This can be conducted by the binary morphological image processing technique, as
where S R , S G , and S B denote the regions with the strongest values obtained from the classification process described in the following Sec. 2.2.3 for the RGB primaries, respectively. The second is the red-to-blue (R/B) ratio image, which can be defined as
The third is the red-to-green (R/G) ratio image, which can be defined as
The ratio values were also classified into three levels by the following classification process.
Classification algorithm and image processing
A moment-preserving algorithm 25 was used to classify the strength of each feature image into three levels. This algorithm automatically and objectively determines the intensity threshold value(s) within an image histogram that maximize(s) the variability between the resulting pixel classes; thus, it separates the image into clusters of like intensities. The one-threshold algorithm was modified into two thresholds to classify each primary image into three clusters. In the algorithm, the between-class variance σ 2 B was calculated as thresholds k 1 and k 2 were varied
where w 0 , w 1 , and w 2 are the probabilities of the three nonoverlapping classes in the images; μ 0 , μ 1 , and μ 2 are their mean intensities; and μ T is the mean of the entire image. The two optimal thresholds k * 1 and k * 2 are determined when σ 2 B is maximal. The clustering results were then pseudo-color-encoded to reveal the three relative intensity levels within an image. The pseudo-color of green was assigned to the regions with the highest level and then superimposed on the corresponding whitelight image to make them easy to identify. As the fluorescence and white light images were captured in sequence, the positions of the two images could differ slightly due to patient movement. To account for this, image registration was conducted using a rigid transformation with two manually-selected reference points.
To fill the originally-detected foggy pattern of the detected region such that the region was able to be quantitatively compared with the manual demarcation, image morphological processing 26 of "opening" followed by "closing" operations was conducted using a diamond-shape structural element with a size of 5 × 5.
Clinical Testing Method
Five clinical cases, a normal volunteer and four patients, were then studied to evaluate the validity of the proposed methods. The normal case was used as the control. The neoplastic regions in the patients were histopathologically confirmed. The procedure of clinical examination includes initial evaluation, which was carried out by visual inspection, to determine the region covering red oral lesions with some degree of epithelial dysplasia. Following that, further verification was performed using 1% toluidine blue vital stain to stain the dysplastic and cancer cells. Finally, according to the indication by toluidine blue vital staining, the most severe part (deep-blue-stained area containing either dysplastic or cancerous cells) of the oral lesion was then selected from which to take a biopsy. The appropriate size of the biopsy specimen was about 1.0 × 0.5 × 0.8 cm (length × width × depth).
The Jaccard index (JI) was used to quantify the degree of the consistency between two regions. The JI is defined as the ratio of the intersection of two regions by the union of them. If the two regions completely overlap, the JI value is equal to 100%.
Results

Classification
An example image taken from the right buccal mucosa of a biopsy confirmed dysplasia case is given in Fig. 3 . Classification of the RGB images of the fluorescence image shown in Fig. 3(b) is given in Fig. 4 , where the three intensity levels from high to low are shown as black, pink, and white, respectively. Table 1 shows the quantitative evaluation of the mismatch in the reflection pattern between the three primaries. Both the qualitative and quantitative results reveal that the red image contains the greatest regional differences as compared with the other images across the three levels. As revealed in Fig. 4 , this discrepancy can be mainly attributed to the black regions in the red image, which not only cover the teeth but also spread over the buccal mucosa and the tongue. In contrast, the black regions occur only around the teeth in the green and blue images. In addition, the lesser pink distribution in the green image, as shown in Fig. 4(b) , indicates that the decrease in autofluorescence weakens the overall intensity strength in the green image as compared with that in the blue image shown in Fig. 4 (c). Such regional differences in the classified patterns between the red and the other primary images show the location in which the strongest PpIX fluorescence occurs and thus reveal the malignant soft-tissue regions. 
Comparison of Contrast Features
According to the above analysis of the different classification results of the RGB primary images, the three contrast features, i.e., S, R/B, and R/G, were derived and their performance was compared.
Following rigorous comparison, the R/B ratio images were found to be invalid in terms of enhancement of the contrast between neoplastic and non-neoplastic tissue in all cases. The example shown in Fig. 5 demonstrates sparsely-dispersed black dots in the R/B ratio image in contrast to the dense black dots concentrated in the dysplastic regions in the S and R/G images. The low contrast in the R/B ratio was further confirmed by the long-tailed pattern of the histogram of the R/B ratio images (Fig. 6) , indicating small amounts of pixels belonging to the third level. In comparison, the histogram of the R/G values shows a clear clustered pattern. Both results demonstrate the inability to use R/B as a contrast feature to extract the neoplastic regions.
After weeding out the R/B feature, the contrast features of the reflectance difference (S) and the R/G ratio were further compared to inspect the detected locations in terms of the originallydetected foggy patterns spatially registered with the corresponding white light image. Figure 7 demonstrates the results of the negative control case with a fully normal image and the case with neoplastic regions. In the control case, the green dots are few in number and are randomly scattered on the healthy mucosa in the R/G image, whereas denser dots are spread not only on the mucosa but also on the white glove in the S image. In the neoplastic case, even though both methods detected neoplasia, the feature S tended to result in false detection at the two white cotton swabs, where strong reflection occurs. Table 2 lists the differences in the green dot density between the three regions. 
Consistency in Detection
The consistency in the detected location is demonstrated in Figs. 8(a) and 8(b) . These two images were taken from the same region of the same patient by rotating the camera about 30 degrees counter-clockwise, and the distribution of detection shown as green dots on both images still remains localized in the same malignant region -the right buccal mucosa.
Comparison with Expert Delineation
Through comparative study, the R/G ratio was selected as the optimal contrast enhancement method. To verify its reliability, detection using the R/G ratio image was further compared with the results obtained by clinical examination in four neoplastic cases. This was accomplished by overlapping the detected regions and the manual delineation by an experienced dentist according to the clinical examination, as shown in Fig. 9 . The degree of correspondence between them was quantitatively evaluated by the JI, as indicated in the caption of Fig. 9 .
In order to identify the grade of severity of the pathology, the pseudo-color of a pixel is defined as an exponential function of its R/G value. As the original fused images (Fig. 7) only revealed the detected area, the grade of severity was unclear in such images. Therefore, the color of the detected area was scaled into the color range according to the absolute value of R/G in the final registered image to provide more information for diagnosis. As the value increased, the color tended to be more reddish, as demonstrated in Fig. 9 . It can be seen that cases 1 and 2, with fibrosis only, revealed a green color and cases 3 and 4, with dysplasia, turned to yellow, and their most severe parts (deep yellow) fell inside the manually delineated areas. The results shown in Fig. 9 indicate that the neoplastic sites detected by this method accorded with the clinical diagnosis.
Discussion
Optoelectronics techniques with light-induced fluorescence have been proposed as noninvasive alternatives to conventional Table 2 Dot densities measured in the three regions labeled in Fig. 6 .
Dot density
Cotton swab Neoplastic tissue Normal tissue biopsy to detect oral cancer in the early stages of malignancy. Spectroscopic studies have reported that ALA induced-PpIX fluorescence is a promising method to improve the detection of premalignant lesions on oral fibrotic mucosa that cannot be found by autofluorescence. 17, 22 In comparison to the small field covered by a spectrofluorometer, fluorescence imaging provides a much broader area for inspection. However, unlike autofluorescence, for which the optimal contrast mechanism has been carefully verified by Roblyer et al., 21 the contrast enhancement methods for PpIX fluorescence imaging are diverse and lacks verification. Given the absence of an adequate image processing method among current techniques, we attempted to compare common contrast features by their optical properties related to the changes in fluorescence intensity associated with premalignancy and to develop a reliable image processing method Fig. 7 (a) and (c) Original foggy-patterns detected using S and R/G features of the negative control; (b) and (d) the neoplastic case. The arrows indicate two cotton swabs and the arrow head indicates the neoplastic lesion. Three boxes of a size of 120 × 120 were used to measure the green point density, as listed in Table 2 ; these are located on the cotton swab, the neoplastic lesion, and the normal mucosa, from left to right.
to improve PpIX fluorescence imaging systems for oral cancer detection.
The reflection patterns of the RGB primaries of the fluorescence images were first analyzed under the assumption that differences between them can be used as features to differentiate malignancy. According to arguments regarding the three spectral responses dominating in different RGB channels, as summarized in Eqs. (4)-(6), this assumption can be supported by the following findings in the classified patterns of the RGB primaries of a fluorescence image. First, the broader black distribution in the segmentation of R(x,y) is mainly contributed to by PpIX fluorescence. Second, the malignancy-related decrease in autofluorescence indicated by a reduced contrast in G(x,y) was in agreement with other studies. 5, 9, 10 In addition, this difference was not observed in the same analysis of the corresponding white light image in our pilot study. 27 After verification of this assumption, three contrast features, the RGB reflectance difference, the R/B ratio, and the R/G ratio, were derived based on the optic characteristics drawn from the analysis. A comparative study of five clinical cases suggested that the R/G ratio provides the greatest image contrast between oral dysplastic and nondysplastic tissue. The advantage of the R/G ratio over the reflectance difference S can be explained by inspecting the illumination-reflectance model of Eqs. (1)-(3) and the wavelength sensitivity ranges of the camera system shown in Fig. 2 . In the control case, in which PpIX fluorescence is absent, the red intensity, R(x,y), is mainly contributed to by the laser reflectance. In the neoplastic case, with white cotton swabs where strong laser reflection occurs, R(x,y) is equally contributed to by the laser reflectance and the fluorescence. In such a case, the classification of R(x,y) does not reflect the strength of fluorescence alone. Thus, the feature S, based on extracting the distributional difference in R(x,y) from the other images, is prone to error detection. In contrast, false classification can be avoided in the R/G ratio in both cases because the factor of laser reflectance is canceled out through normalization. Therefore, the ratio image of R/G results in more accurate detection without the interference of illumination.
The reason for the superiority of the R/G contrast features over the R/B values is also discussed herein. In a comparison of the R/G with the R/B features, as the malignant regions are characterized by higher f PpIX and lower f auto , the R/G ratios should increase with the appearance of PpIX fluorescence in the malignant regions; therefore, the differences between the malignant and normal regions are amplified. In contrast, the value of R/B can be interpreted as the red fluorescence f PpIX normalized by reflection of major illumination, I B ; therefore, the contrast enhancement effect is not as good as that observed for the R/G ratio.
As the R/G ratio was found to be the best contrast features by rigorous comparison, its ability to identify the regions of interest was further improved by a series of image processing methods involving classification, morphologic operation, and image registration. In comparison with the conventional ratio images that only enhance the fluorescence contrast by mapping the fluorescence image into scaled-pseudo colors, the novelties of the improved R/G ratio images are described as follows. The possibility of premalignancy was revealed in terms of a dense group of green points, which were classified as the highcontrast R/G values using a dynamic thresholding mechanism. The spatial distribution of the neoplasia was directly revealed on the white-light image, with the color as a function of the absolute R/G values such that relative spatial information of the malignancy distribution is clearly delineated in the oral cavity.
The limitations of this study are twofold. First, pathologic grading was not evaluated due to insufficient image collection. A limitation of autofluorescence in differentiating the different degrees of dysplasia to cancer is that it has been found to be affected by variation in collagen content, 10, 22 and the ALA-induced PpIX method is a potential alternative to improve this inefficiency of autofluorescence. Even though this study showed a tendency toward increased R/G values associated with a more severe degree of premalignancy, more rigorous evaluation of a greater number of pathological cases needs to be carried out. Second, whether system detection or manual delineation was more accurate was not evaluated. As the imaging method enabled a wide-area screening of the mouth, while a biopsy was taken from the characteristic part with a size of no larger than 1 cm 2 , it was difficult to verify the nonoverlapping areas demarcated by the system and the expert. As mentioned in Sec. 1, there are limitations in the differentiation of dysplastic or malignant lesions from non-neoplastic regions such as inflammation, hyperplasia, and hyperkeratosis simply by visual inspection. These confounding regions can be precursor margins of neoplasia and are difficult to discriminate by visual inspection; however, a significant R/G contrast is observed in these areas. This discrepancy can be further investigated in future studies. An additional note on the classification process: this was conducted separately based on the primary intensity of the RGB, R/B, and R/G values. Roblyer et al. 10 proposed a classification method using combined features to maximize the autofluorescence contrast to discriminate oral neoplasia. This classification algorithm may be further compared with the method using combined contrast features in future studies.
The study presented herein demonstrates the superiority of the R/G ratio as a contrast feature to objectively identify neoplastic and non-neoplastic oral tissue in vivo. In addition, image processing techniques were applied to enhance the visibility of the detected neoplastic distribution in the fluorescence images on the corresponding regions in the white images. These advantages lead us to believe that the proposed fluorescence image processing method is of great potential in terms of improving the feasibility of conventional PpIX fluorescence imaging systems as a noninvasive diagnosis modality to assist clinicians in the overall examination of the oral cavity, thereby increasing the accuracy of the diagnosis and prognosis of oral cancer.
